ABSTRACT OBJECTIVES: While active living interventions focus on modifying urban design and built environment, weather variation, a phenomenon that perennially interacts with these environmental factors, is consistently underexplored. This study's objective is to develop a methodology to link weather data with existing cross-sectional accelerometry data in capturing weather variation.
A ctive living research is gaining global recognition as it has the potential to address health inequities by informing upstream policy interventions for creating active urban communities. 1 While active living research focuses on modifying urban design and built environment, weather variation, a phenomenon that perennially interacts with human modified spaces, has been consistently underexplored. The significance of weather variation's influence on physical activity (PA) is especially important in temperate and continental climatic zones (Köppen-Geiger climate classification) due to a wide variation in seasonal weather in these regions. 2 In Canada, the majority of the population experiences a substantial variation in seasonal temperatures and weather conditions. [2] [3] [4] Within Canada, prairie provinces like Saskatchewan, where this study was conducted, are known for particularly extreme variations in seasonal weather. 3, 4 Moreover, there is evidence to indicate that the relationship between seasonality and PA is stronger in Saskatchewan. 5 Earth's weather conditions are interrelated and dynamic in nature, with the interactions between many weather variables creating place-specific weather patterns. 6 However, when the relationship between weather and PA has been investigated, thus far the focus of research has only been on isolated weather variables such as temperature and precipitation. [7] [8] [9] [10] [11] [12] Nevertheless, active living research has advanced considerably in terms of utilizing accelerometers to objectively measure PA. Accelerometers are devices that are worn around the waist by participants and they measure frequency, intensity and duration of PA. 13 With advances in methodological expertise in accelerometry encompassing a wide range of categories, including reliability and validity of accelerometers, development of calibration protocols, and creation of data reduction methods, [13] [14] [15] [16] these devices have become the gold standard for objective measurement of PA. More importantly, to date most active living research has been cross-sectional, resulting in large sets of accelerometry data from cohorts across the world. 17 These data have been under-utilized as they have not been linked to readily available weather data to factor in weather variation in analyses exploring urban design and built environment's influence on PA. We hypothesize that in active living research, not only could weather variation be captured, but localized (place-specific) weather patterns could also be established within a short time period in a calendar year. Based on this hypothesis, this study aimed to develop a methodology to link existing cross-sectional accelerometry data with place-specific weather data in capturing weather variation during a single seasonal transition (spring to summer) in the Canadian prairie city of Saskatoon. During this short period of time, after factoring in localized weather patterns, we also aimed to depict the influence of urban design on active living. In depicting this influence, we conceptualized weather as a complex entity consisting of interrelated elements that can be combined to categorize localized weather patterns.
METHODS
This study is part of an active living research initiative in Saskatoon called Smart Cities, Healthy Kids. The study protocol was approved by the University of Saskatchewan's Research Ethics Board.
Urban design of Saskatoon
Saskatoon's metropolitan area population of 260,600 is spread across 65 well-defined neighbourhoods. 18 The city plays a major role in urban planning, including the geographic allocation of commercial, residential and institutional establishments. The neighbourhoods designed prior to 1930 surround the city centre and follow a traditional grid-patterned street design, typified by higher density, mixed-use neighbourhoods connected by straight, intersecting streets and back alleys. The semi-suburban neighbourhoods built between 1931 and 1966 follow a fractured grid-pattern. Fractured grid-pattern neighbourhoods are predominantly residential, have lower density and become progressively car-oriented as the distance from the urban centre increases. Finally, the suburban neighbourhoods built after 1967 follow curvilinear street patterns, characterized by low-density, almost exclusively residential and highly car-oriented configurations. Working with the City of Saskatoon's Neighbourhood Planning Department, our research team has confirmed that the three neighbourhood designs described here are consistent with the different planning principles and practices prevalent in Saskatoon during different time periods since the city's inception. 19 
Recruitment
All schools in Saskatoon were invited to participate in the study. Recruitment was conducted through 30 elementary schools that accepted to participate. The total sample was representative of all types of neighbourhoods. We identified four classrooms at each elementary school (grades 5-8) and each school was provided with letters of consent to be given to each potential participant to deliver to their primary caregiver. Caregivers had to return signed forms to their child's homeroom teacher. It was made explicit in the consent form that caregivers or children would be able to opt out of participating at any time, until the data were pooled. Of the 1,610 children aged 10-14 years who agreed to participate in the Smart Cities Healthy Kids initiative, 455 children agreed to participate in accelerometry. This study exclusively focuses on children who participated in accelerometry.
Accelerometry
A total of 137 Actical accelerometers (Mini Mitter Co., Inc., Bend, OR, USA) were deployed through schools from April to June in 2010 to capture activity data of 455 children residing in Saskatoon.
Children were visited at their respective schools and were asked to wear the devices on their right hip using an elastic belt, every day for 7 consecutive days. They were advised to remove the accelerometers during night-time sleep and during any water-based activities. Children were asked to return the accelerometers at the end of the 7-day cycle. The devices began measuring data at 00:00 on the day following device deployment (i.e., almost a full day after the device was deployed) to minimize the potential for subject reactivity within the first day of wearing the accelerometer.
Accelerometers measure movement in time-stamped activity counts which are sequentially aggregated to a predetermined period of time to delineate intensities of activity that occur throughout the day. The raw data thus obtained were analyzed using KineSoft version 3.3.63 (KineSoft, Loughborough, UK), a custom software which reaggregates activity counts to one minute to produce a series of activity intensities that represent the complete range of daily waking activity: moderate to vigorous physical activity (MVPA), light physical activity (LPA) and sedentary behaviour (SB). Activity intensities were derived using cut-points (SB: <100 counts/min; LPA: 100 to <1500 counts/min; MVPA: ≥1500 counts/min) based on evolving evidence (Table 1) . 20 The accelerometers and cut-points used in this study are the same as those used in the 2007-2009 Canadian Health Measures Survey (CHMS), 20 whose accelerometry results depicted activity patterns in a nationally representative sample of children in Canada. Furthermore, using the accelerometer sample of the 2007-2009 CHMS, operational definitions and data reduction techniques were developed by Colley et al. 13 These definitions and techniques were adopted to generate valid data for our study. Generation of valid data is essential to avoid including days when the participants did not wear the device, or wore the device for a period which is deemed insufficient to interpret levels of activity. 13, 20 A valid day was defined as a day of accelerometry with 10 or more hours of wear-time. 16 Daily wear-time was estimated by subtracting non-wear-time from 24 h of that particular day. It was determined that non-wear-time would be a period of at least 60 consecutive minutes of zero counts, including up to 2 min of counts between 0 
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and 100. 13 The final sample consisted of data from children with at least four valid days including at least one valid weekend day, i.e., the valid sample. Table 2 compares the distribution of the valid sample (331 participants) across the urban design of Saskatoon. However, even within valid data, there is a chance for systematic variation in daily wear-time, both within (on different days of accelerometer use) and between participants. The systemic variation occurs because even though participants are asked to wear accelerometers from the time they wake up in the morning until the time they go to bed at night, every participant wears or removes the accelerometer at her/his discretion, thus potentially introducing a random or non-random measurement bias to activity measurement. We have previously developed a methodology to minimize this measurement bias by standardization of valid data. 21 The previously developed standardization methodology used the same accelerometer data that were used in this study. 21 The standardization methodology compared pre-and post-standardized activity intensities (i.e.,MVPA and SB) to understand discrepancies owing to wear-time variation. The analyses revealed systematic wear-time variation, both between and within participants within the valid data. The conclusions determined that standardization of accelerometer data is effective not only in minimizing measurement bias due to systematic wear-time variation, but also in providing a uniform platform to compare results within and between populations and studies. The same standardization methodology has been replicated in this study to standardize valid data.
Integration of localized weather with cross-sectional accelerometry
Accelerometer data were obtained in 25 sequential one-week cycles between April 28 and June 11, 2010 (45-day transition period from spring to summer). This sequential deployment was necessary to overcome the difference in the ratio between the sample size and the number of accelerometers (137/455). Each one-week cycle of accelerometry was conducted on a different group of children within the total sample. To match the accelerometry period, detailed Saskatoon-specific weather data for the days between April 28 and June 11, 2010 were obtained from Environment Canada. 22 On the basis of previous evidence, [7] [8] [9] [10] [11] [12] 23 extensive exploration of the weather data was conducted to identify daily values of key weather variables corresponding to the accelerometry period: maximum temperature, precipitation, speed of maximum wind gust and hours of illumination. Descriptive analyses were conducted to understand the distribution (i.e.,mean, median, standard deviation [SD]) of daily values of the selected weather variables during the 45 days of accelerometry in question (Table 3) . After confirming the normal distribution of daily values of weather variables, these were aggregated to their corresponding one-week cycle of accelerometry to calculate their mean values/week. A decision rule was then applied, where a cut-point of 1 SD of the distribution of daily weather values during the 45 days of accelerometry was chosen to categorize weekly values of weather variables as follows: maximum temperature: ≥1 SD = Warm (>22.05°C); <1 SD = Cold (<9.55°C); precipitation: ≥1 SD = Wet (>12.26 mm); <1 SD = Dry (<−3.66 mm); speed of maximum wind gust: ≥1 SD = Windy (58.71 km/h); <1 SD = Calm (34.17 km/h).
Thereafter, each week of accelerometry was assigned three categories (Warm/Cold; Wet/Dry; Windy/Calm) based on mean weekly weather values. Finally, the three categories assigned to each week of accelerometry were combined to derive one of the following four localized weather patterns for each week of accelerometry (weekly weather): Warm-Wet-Calm, Cold-Dry-Calm, Cold-Dry-Windy and Cold-Wet-Calm. Although, mathematically, the possible combination of weather patterns is higher than four, it is important to highlight that the classification of localized weather patterns is based on actual weather recorded during the period of accelerometry. As the range (2.26) and SD (0.69) of hours of illumination during the 45 days of accelerometry was negligible, mean (weekly) hours of illumination was excluded from this classification.
Statistical analyses
Only wear-time controlled standardized valid accelerometer data (i.e., valid sample: 331 children) were used in the analyses. The outcome variables for this study were MVPA and SB. First, for each cohort of accelerometry (25 in total), MVPA and SB were 
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aggregated to their corresponding one-week cycle of accelerometry to calculate mean cohort MVPA and SB. Thereafter, analysis of variance (ANOVA) was conducted to assess group differences in mean MVPA and SB between children who experienced the four types of localized weather patterns (Warm-Wet-Calm, Cold-DryCalm, Cold-Dry-Windy and Cold-Wet-Calm). Finally, ANOVA was conducted to assess group differences in mean MVPA and SB between children residing in neighbourhood types of Saskatoon after factoring in localized weather patterns.
RESULTS
Between the four types of localized weather patterns, the group differences in mean MVPA and SB point towards a pattern: WarmWet-Calm weather was associated with significantly lower SB and higher MVPA, whereas Cold-Dry-Windy weather was associated with significantly higher SB and lower MVPA. For instance, in a week, on average, children who experienced Warm-Wet-Calm weather accumulated 6.48, 17.11 and 5.70 more minutes of MVPA/day in comparison with children who experienced ColdDry-Calm, Cold-Dry-Windy and Cold-Wet-Calm weather (Table 4) . Similarly, children who experienced Warm-Wet-Calm-weather accumulated fewer minutes of SB/day in comparison with the children who experienced all other weather patterns. Among the cold weather patterns, children who experienced Cold-Dry-Calm and Cold-Wet-Calm weather accumulated significantly more MVPA and less SB in comparison with children who accumulated Cold-Dry-Windy weather pattern. Between the children residing in different types of neighbourhoods, after factoring in localized weather patterns, a recurring observation was that in all weather patterns, children residing in fractured grid-pattern neighbourhoods accumulated significantly lower MVPA (Table 5 ) and higher SB (Table 6) 
DISCUSSION
The purpose of this study was to develop a methodology to link cross-sectional accelerometry data with place-specific weather data in capturing weather variation during a single seasonal transition in Saskatoon. This linkage enabled the depiction of the influence of urban design on MVPA and SB after factoring in localized weather patterns.
The first step in the analysis was to appreciate the deployment process of accelerometers in the parent study of Smart Cities, Note: Each value presented in the tables is a result of subtraction of group MVPA and SB between 2 types of localized weather patterns; **p < 0.01; ***p < 0.001; ANOVA = analysis of variance; MVPA = moderate to vigorous physical activity; SB = sedentary behaviour.
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Healthy Kids. Due to the difference in the ratio between the accelerometers and the sample size, deployment of accelerometers took place over a period of 45 days (April 28 to June 11, 2010) to cross-sectionally capture PA and SB data. Employing a smaller number of accelerometers to capture data from a much larger study sample resulted in redeploying accelerometers in 25 sequential one-week cycles. Each one-week cycle of accelerometry was conducted on a different group of children within the total sample. This deployment process enabled us to link accelerometry with weather data to capture weather variation within a short period of time with a cross-sectional design. To our knowledge, this method of leveraging cross-sectional accelerometry has not been employed previously.
The next step was to derive localized weather patterns and explore the influence of weather variation on MVPA and SB. The final step was to show that weather variation could influence active living even during a single seasonal transition. Initial results suggested Warm-Wet-Calm weather was associated with both higher MVPA and lower SB. On the other hand, Cold-Dry-Windy weather was consistently associated with lower MVPA and higher SB. It is apparent that exposure to higher daily temperatures played a role in higher MVPA and lower SB accumulation. Although previous studies have shown that higher temperatures in temperate climatic zones are associated with higher PA, 7-12 similar findings have not been established for SB.
Localized weather patterns portray a more nuanced picture. For instance, in both Warm-Wet-Calm and Cold-Dry-Windy weather patterns, irrespective of the amount of precipitation (wet or dry), temperature and speed of maximum wind gust influenced MVPA and SB accumulation. Similarly, reiterating the key role played by speed of maximum wind gust, among the cold weather patterns, children who experienced Cold-Dry-Calm and Cold-Wet-Calm weather accumulated significantly more MVPA and less SB in comparison with children who experienced Cold-Dry-Windy weather pattern. Theses gradations underline the need to account for the interrelated dynamics of specific characteristics such as temperature, wind speed and precipitation.
More importantly, the real focus should be on how modifiable factors such as urban design and built environment moderate the influence of variation in weather on MVPA and SB. After factoring in localized weather patterns, when MVPA and SB accumulation was compared between children living in different types of neighbourhoods, a clear pattern emerged. Children residing in grid-pattern and curvilinear neighbourhoods consistently accumulated higher MVPA and lower SB than children living in fractured-grid pattern neighbourhoods.
The grid-pattern neighbourhoods surrounding the city centre, by virtue of their mixed land-use (combination of commercial, residential, institutional establishments), possess greater density and diversity of destinations, are less car-oriented and are more pedestrian friendly. 19 While mixed land-use is known to be a strong predictor of PA among adolescents, 24 curvilinear neighbourhoods, which do not have mixed-land use and are distinct from grid-pattern neighbourhoods in being highly car-oriented, were also associated with higher MVPA and lower SB. Curvilinear neighbourhoods also represent the higher socio-economic areas of Saskatoon and existing evidence does indicate that higher socioeconomic status is associated with higher PA and lower SB in children. 25, 26 Nevertheless, these findings suggest that two contrasting types of urban design can have a positive influence on active living in children (i.e.,higher MVPA and lower SB) after factoring in localized weather patterns.
Strengths and limitations
The primary strength of the study is the development of a methodology to link cross-sectional accelerometry with weather data. Moreover, this study explores the conceptualization of weather as a complex entity consisting of interrelated dynamics between individual weather variables. The overall approach of the study could be replicated to link existing cross-sectional accelerometry data sets with place-specific weather data to factor in weather variation in active living research. The proposed methodology takes advantage of sequential cross-sectional accelerometry in a large study sample due to logistical and resource constraints. However, other existing cross-sectional accelerometry data could have been collected through multiple variations of the sequential deployment described in our study. Thus, future linking of cross-sectional accelerometry with weather data should adapt the proposed methodology to account for variations in deployment.
The decision rules applied to derive localized weather patterns were based on cut-points that allowed the quantitative derivation of localized weather patterns. The aim of the cut-points was to enable the capture of relative differences between the derived weather patterns and not the absolute depiction or classification of weather. This concept needs to be taken into consideration while interpreting the results. Finally, the four derived localized weather patterns were the result of actual weather that was observed during the 45-day period of accelerometry and does not include all other potential weather patterns. Nevertheless, this reiterates the strength of the methodology in capturing weather variation even during a short period of time (i.e.,the transition from spring to summer).
CONCLUSION
Weather variation could be captured in active living research within a short time period in a calendar year by linking cross-sectional accelerometry with place-specific localized weather patterns. It is necessary to derive localized weather patterns to take into account the interrelated dynamics of individual weather variables. In advancing active living research, it is essential to factor in weather variation, especially in a country like Canada where a wide variation in weather patterns is experienced across the year. This study proposes a methodology that could be replicated to link existing cross-sectional accelerometry data with place-specific weather data to understand how human-modifiable environmental factors can influence active living in all weather conditions.
